A monomer that contained the RGD ligand motif was synthesized and copolymerized with 2-hydroxyethyl methacrylate using polymerization-induced phase separation methods to form poly(2-hydroxyethyl methacrylate)-based hydrogel sponges. The sponges had morphologies of aggregated polymer droplets and interconnected pores, the pores having dimensions in the order of 10 µm typical of PHEMA sponges. RGD-containing moieties appeared to be evenly distributed through the polymer droplets. Compared to PHEMA sponges that were not functionalized with RGD, the new sponges containing RGD allowed greater invasion by human corneal epithelial cells, by advancing the attachment of cells to the surface of the polymer droplets.
INTRODUCTION
Tissue engineering aims at developing truly functional substitutes able to compensate for tissue loss or to restore failed organs. Although there are many strategies that can be used in tissue engineering, the use of porous polymeric scaffolds to guide the growth of cells into functioning tissue has become prominent. [1] [2] [3] [4] [5] [6] Of the many different polymers available to construct tissue engineering scaffolds, those based on poly(2-hydroxyethyl methacrylate) (PHEMA) sponges have received considerable attention. [7] [8] [9] [10] [11] PHEMA sponges are biocompatible, macroporous, and have
shown to be suitable for tissue engineering applications. 8 In addition, the synthesis of PHEMA sponges is a simple, benign, one-step procedure involving polymerization-induced phase separation, and characteristics such as porosity can easily be controlled by use of appropriate polymerization formulations. 7, 8, 12 In contrast to the straightforward situation for PHEMA, fabrication of other sponges used for tissue engineering has typically been achieved using methods involving toxic solvents, or via more complex methods, such as solvent casting and particulate leaching, melt moulding, freeze-drying techniques, membrane lamination, extrusion, 3 electrospinning and gas foaming. 13 The potential advantages of PHEMA have been further enhanced by recent findings that PHEMA -a polymer that is not normally biodegradable -can be rendered biodegradable by incorporation of peptide-based crosslinking agents, and this opens further possibilities for the use of PHEMA-based materials in tissue engineering applications. 14, 15 One drawback of PHEMA materials, including sponges, is that the hydroxyl-rich surface of PHEMA renders itself non-adhesive for living cells. 16 This characteristic appears to be a potential problem for applications where PHEMA sponges are to be used as tissue engineering scaffolds, since the scaffolds that offer poor cell adhesion are expected to experience poor cellular invasion.
The lack of adhesivity to cells in polymeric materials can somewhat be overcome by incorporation of and/or functionalization with structural motifs that can promote cell adhesion, such as carboxyl 17 and sulfonyl groups. 18 However, functionalization does not always result in increased cell adhesion as motifs that make one surface more adhesive might make another type of surface less adhesive.
For example, the ability of cells to adhere to polystyrene was increased when the polystyrene was functionalized with hydroxyl groups, 17 but the ability of cells to adhere to the same culture dishes decreased when the dishes were functionalized with hydroxyl-rich PHEMA. 16 Adsorption of extra cellular matrix (ECM) proteins to the surface of a scaffold is an alternative to functionalizing the scaffold with simple chemical motifs. ECM proteins can provide sequences of amino acids that serve as binding sites for integrins, trans-membrane proteins that mediate attachment of cells to the surrounding tissue, and can thus promote adhesion of cells to the scaffold. 19 However, use of ECM proteins to promote cell adhesion requires that the proteins first be purified, and can be further complicated by the occurrence of inflammation and infection, undesirable immune response, and issues of protein denaturation masking the integrin-binding sites. 19 The short amino acid sequences from the ECM proteins involved in binding to the cell's integrin sites are known as cell adhesion ligands. These short peptides can be synthesized in the laboratory, and it has been shown that incorporation of synthetic cell adhesion ligands onto the surfaces of polymers greatly increases cell adhesion. [19] [20] [21] [22] The first cell adhesion ligand to be reported 4 was the Arg-Gly-Asp (RGD) peptide sequence, 23 which is the integrin binding site of fibronectin, laminin, vitronectin, type I collagen and other ECM proteins. 19 Most research into cell adhesion ligands has focused on flat two-dimensional surfaces, [24] [25] [26] [27] [28] However, the functionalization was a multi-step process, involving copolymerization of aminebased monomers, functionalizing the amine group with primary thiol groups post-polymerization, and finally conjugating the IKVAV peptide to the thiol; each step requiring washings with organic solvents.
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To simplify the functionalization procedure, it would be advantageous to incorporate RGD ligands into the polymer network by copolymerization, thereby eliminating additional synthetic steps. Copolymerization has been investigated by Hejčl et al. 30 as a method to functionalize poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) scaffolds with RGD moieties. Like PHEMA scaffolds, PHPMA scaffolds can be prepared via a procedure involving polymerization-induced phase separation, but unlike PHEMA, PHPMA requires the use of solvents that are toxic to cells, and extensive post-polymerisation washing procedures were required to remove those solvents before the PHPMA scaffolds could be used. The PHPMA scaffolds were used for in vivo neural regeneration studies, and it was found that the presence of RGD increased cell adhesion and improved neural regeneration. Despite the simplicity of copolymerization as a method to incorporate RGD-containing motifs into scaffolds, there are, to the best of our knowledge, few reports that detail its use for preparation of PHEMA sponges functionalized with RGD motifs.
Therefore, the aim of this investigation was to carry out proof-of-concept experiments to demonstrate the potential for use of copolymerization in water as a method to produce PHEMA sponges functionalized with RGD motifs via polymerization-induced phase separation methods. To determine the effectiveness of copolymerization, this study examined the synthesis of RGD-5 containing monomers, the distribution of RGD motifs within the polymer scaffold, and the effect of RGD functionalization on the adhesion of human corneal epithelial cells to the scaffold. Iwaki™ tissue culture plastic (TCP) plates (6 wells) were supplied by Asahi Glass Co., Japan.
EXPERIMENTAL

Synthesis of the RGD containing monomer 2
Triethylamine (50 µL, 0.35 mmol) was added dropwise to a solution of the heptapeptide RGD 1 After polymerization, the hydrogels were soaked in water for one week to remove any unreacted monomers, with water being exchanged daily.
Characterization of polymer morphologies
Polymer samples were cut into 300-µm thick cross-sections (Vibratome 3000), which were further cut into disks using a 5-mm biopsy cutter. Specimens were then frozen at -20 °C and freeze-dried 
EFTEM
The distribution of 2 within polymer droplets was determined using energy filtered transmission electron microscopy (EFTEM). Hydrated RGD-functionalized PHEMA sponges were freeze-dried and ground into a fine powder using an agate mortar and pestle. were then cut into 150-nm thick sections using an ultramicrotome (EMC6, Leica, Vienna, Austria).
The sections were then mounted on a carbon-coated copper grid. For EFTEM imaging, the mounted specimens were analyzed at 200 kV using a TEM (JEOL, Japan) fitted with a Gatan Imaging Filter (GIF, Tridiem, USA). EFTEM jump-ratio maps 32 were generated by acquiring an image at the nitrogen signal energy (411 eV signal plus background) and dividing this by a second image taken of the background (389 eV background only), each with a slit width of 20 µm. To minimize the effects of plural inelastic scattering, section thickness maps were obtained to ensure t/λ values were <1. To obtain suitable signal-to-noise levels, a 4× binning was used.
Cellular invasion assay
The effect on cell adhesion of incorporating RGD in the hydrogel substratum was investigated qualitatively using human corneal epithelial cells immortalized with SV40 (line HCE-T; source:
Riken Cell Bank, Tsukuba, Japan).
The sponge specimens (as disks of approximately 7-8 mm in diameter and 2-mm thick) were sterilized overnight in sterile ethanol (70%), then washed thoroughly and soaked in DPBS. Prior to the assay, the sponges were washed in HBSS and DMEM/F12. The disks were fitted tightly within the tubes of 8-mm stainless steel surgical trephines (henceforth 'tubes') that had been sterilized in an autoclave. The tubes containing sponge disks were laid horizontally at the bottom of a well in a 6-well TCP plate, where they were completely immersed with DMEM/F12 supplemented with 10%
FBS and 1% Antibiotic/Antimycotic. After 4 h, the tubes were raised to a vertical position and each was placed on a circular Teflon ® stage in which a rectangular slot was cut out to allow the basal perfusion of the sponge during incubation. The medium above each sponge in the apical area of the tube was removed and fresh medium was added. The HCE-T cells were seeded at a density of 20,000 cells/cm 2 in the apical area of the tubes and also in several wells devoid of sponge samples (positive controls on TCP). The levels of medium inside the tube and in the well outside were brought to the same height. Cultures were incubated at 37 ºC in 5% CO 2 for 14 days. The medium in the apical area was replaced after one day with fresh medium, while the medium surrounding the tube was refreshed on day 5 and day 8. On day 14, the cultures were fixed in neutral buffered formalin solution (3.7%). The sponges were removed from the tubes, washed with DPBS, dehydrated and infiltrated with paraffin. The samples were cut lengthwise in half before being embedded into paraffin blocks. Sections were cut, mounted on slides, deparaffinized, and either stained with Mayer's haematoxylin or permeabilized with 0.1% Triton X-100 in 100 mM HEPES buffer and stained with the nuclear stain Hoechst 33342. Bright field and fluorescence microscopy (Nikon TE2000-U, Japan) was used to visualize and photograph the nuclei.
RESULTS AND DISCUSSION
Synthesis of the RGD-containing monomer
It is generally accepted that to ensure accessibility to the RGD ligand, it is best to include a spacer group between the RGD sequence and the polymer surface. 19 There is debate in the literature as to what length this spacer group should be, 19 but it has been shown that a GGGG spacer group is sufficiently long to allow correct binding between the RGD motif and integrins on the cell surface. 24 With these ideas in mind, we synthesized the sequence GGGG-RGD, 1 (Scheme 1).Functionalisation of the N-terminus of 1 with a methacryloyl group using Nhydroxysuccinimide-activated methacrylic acid (MA-NHS) in 1:2 H 2 O:DMF with triethylamine as the base gave the methacryloyl-GGGG-RGD, 2. The monomer 2 was purified by preparative HPLC ( Figure 1A ) and isolated as its trifluoroacetic acid salt, 2.TFA. The presence of the polymerizable methacryloyl group in 2 was confirmed by the observation signals for the vinylic protons at 6.0 -5.0 ppm in the 1 H NMR spectrum ( Figure 1B ). The monomer 2 is similar to the monomer methacryloyl-GG-RGD, which was incorporated into hydroxypropyl methacrylate hydrogels used in an experimental treatment of spinal chord injury. 30 While we appreciate that there are more active cell adhesion ligands, such as the cyclic RGDfK sequence, 19 the use of RGD contained in 2 served as a simple proof-of-concept cell adhesion ligand for assessing the usefulness of copolymerization as a means to functionalize PHEMA sponges with such ligands.
Formation and characterization of RGD-functionalized PHEMA sponges
The RGD-containing monomer 2 was copolymerized with HEMA in 80:20 H 2 O:HEMA to give RGD-functionalized PHEMA sponges. The sponges had an internal morphology comprised of agglomerated polymer droplets of 3 to 5 µm in diameter and pores with dimensions in the order of 20 µm (Figure 2) , which is typical of 80:20 PHEMA sponge formulations. 7, 12 As RGD can only promote cell growth if it is located at the surface of the polymer droplets, the distribution of 2 within polymer droplets was examined. Since 2 was the only component of the polymer that contained nitrogen, energy filtered transmission electron microscopy (EFTEM) could be used to explore the nitrogen distribution in the polymer droplets, and, therefore, the distribution of RGD from 2 that has been incorporated into the polymer network. Figure 3A shows a micrograph (without elemental mapping) of a polymer droplet with a diameter of ca. 5 µm; the dark diagonal area extending through the white polymer droplet in Figure 3A is an artefact (folding of the sample) introduced during specimen sectioning. When EFTEM was used to detect nitrogen on the same sample ( Figure 3B ), it revealed an even distribution of nitrogen throughout the polymer droplet.
Although the nitrogen distribution was apparently uniform on the micron scale, it is possible that nitrogen is buried many nanometres below the surface of droplets and hence inaccessible to cells.
Intuitively, however, it could be argued that even if such a distribution existed, the chains in a hydrogel should be mobile enough to diffuse to the surface and present RGD groups to cells.
Cellular invasion of sponges
Due to the irregularities in shape and morphology of the sponge specimens, we considered that cell The same cultures with the cells' nuclei stained. The scale bar is the same for all panels. 
